Wastewater discharged from the coagulation process of natural rubber contains high concentrations of organic compounds, mainly formic or acetic acid, and residual rubber particles. These compounds pose serious issues during the high-rate anaerobic digestion without pH adjustment and solid removal in advance. In this study, an anaerobic baffled reactor (ABR, working volume of 68 L, ten compartments) was investigated for the treatment of such wastewater with a HRT of 3.5 ± 0.9 days. The performance of the ABR was evaluated with the stepwise increase in COD influent during a period 224 days. The microbial community in the sludge from each compartment of the ABR on the 143rd day was analyzed. Under an OLR of 1.4 ± 0.3 kg-COD/(m 3 ·day), the highest COD and total suspended solid removal efficiency of 92.3 ± 6.3% and 90.0 ± 5.6%, respectively, were observed. Sequencing of 16S rRNA genes using MiSeq revealed the difference acetogen communities in each compartment. Most of the methanogens, particularly acetate-utilizing methanogens, were predominantly distributed in the 3rd, 4th, and 5th compartments, where volatile fatty acid concentration considerably decreased and the highest biogas production was observed. These results indicated that the ABR is a potential alternative for the treatment of this wastewater.
INTRODUCTION
Although the development of the Vietnamese rubber industry provides economic benefits, it incurs environment maintenance costs. Rubber manufacturing companies face serious environmental challenges with respect to wastewater treatment because of high concentrations of ammonia and organic pollutants, mainly organic acids. These organic acids contaminate water sources and release odor into the surrounding air. The anaerobic sludge reactor has been successfully applied for the treatment of highly polluted organic industrial wastewater. The anaerobic sludge reactor exhibits advantages over the activated sludge process, namely low setup and operational costs, energy recovery via methane production, low production of excess sludge, and no requirement for high-tech equipment [1] . Conventional technical processes for the wastewater discharged from natural rubber processing companies in Vietnam include anaerobic digestion, mainly an upflow anaerobic sludge blanket (UASB) reactor [2] . Although the UASB reactor has demonstrated excellent performance and stability for numerous full-scale operations worldwide, some obstacles have been observed for its application in treating high concentration of suspended solid wastewater [3] . A considerable amount of residual rubber particles is present in this wastewater, thus a pre-treatment process is required, which can prevent rubber particles from accumulating and clogging pipes and machinery during long-term operation [4] [5] [6] [7] . In addition, the performance of single-configuration reactors considerably depends on the sludge retention capacity, which needs a long start-up period to form granular sludge from dispersed sludge. Therefore, an economical alternative anaerobic technology that can overcome these drawbacks is still required.
Barber and Stuckey have introduced different variations of the anaerobic baffled reactor (ABR) with a wide range of applications, which can be a promising alternative to conventional single-configuration reactors [8] . ABR is a modified anaerobic sludge bed reactor, which contains vertical baffles dividing the reactors into a series of upflow units without internal gas-liquid-solid separation devices. These baffles create plug flows in the waterline by permitting the liquid to flow under and over these baffles, thereby decreasing the risk of clogging machinery parts or connecting pipes. The reactor has a high void volume, which enhances the solid retention time; thus, no post-treatment for clarifying is required. Moreover, the compartmentalization may promote phase separation (hydrolysis, acidogenesis and methanogenesis) longitudinally down the reactor. Laboratory-scale [7, 9] and pilot-scale [10, 11] studies on the use of ABR for the treatment of natural rubber processing wastewater have been reported. However, different profiles of the wastewater discharged from natural rubber processing are observed because of the chemicals used during the coagulation of rubber latex, for example, sulfuric acid [9, 12] or organic acids [6, 7] in Thailand or Vietnam, respectively. As a result, ABR treated natural rubber processing wastewater in each country exhibits different performances and characteristics. Besides, few studies have reported the microbial communities in the retained sludge from the individual compartments in the ABR, particularly in the ABR treating this wastewater.
Hence, this study aims to investigate the microbial communities present in the different compartments of the ABR using metagenomics technology and evaluate the tolerance of a laboratory-scale ABR under a high organic loading rate (OLR) with the stepwise increase in the chemical oxygen demand (COD) concentration of the influent.
MATERIALS AND METHODS

Wastewater Preparation
Raw natural rubber processing wastewater was collected by the laboratory-scale coagulation of concentrated rubber latex using acetic acid following the coagulation method used in an actual natural rubber processing factory in North Vietnam. The characteristics of this raw wastewater were analyzed soon after the sample collection, which were a pH of 4.9 ± 0.1, a total COD of 19,200 ± 1,100 mg/L, a total biochemical oxygen demand (BOD) of 12,600 ± 2,000 mg/L, a total suspended solid (TSS) of 108 ± 74 mg/L, and a total nitrogen (TN) of 1,960 ± 490 mg-N/L. The influent consisted of raw wastewater diluted to the desired COD concentration by tap water, was added continually to the influent tank.
Setup and Operation of the ABR
This study was performed in an ABR located at the Hanoi University of Science and Technology, Vietnam. This ABR had ten compartments comprising polyvinyl chloride (PVC) pipes (diameter of 110 mm and height of 1 m) and a working volume of 68 L. The 2nd to 10th compartments were covered by PVC lids to maintain anaerobic conditions, except for the first compartment, which was used to feed the influent. The 3rd to 10th compartments of the ABR were equally inoculated with a total of 20 L of sludge collected from a household biogas system treating livestock manure in Thanh Trì, Vietnam. The 1st and 2nd compartments were used as a rubber trap; thus, these compartments were not inoculated. The influent was continually made, stored in the influent tank, and fed into the reactor by a variable-speed peristaltic pump (Masterflex ® L/S, Vernon Hills, USA). Biogas was collected via a network of pipes leading to a gas meter. Figure 1 shows the schematic diagram of the whole system.
The ABR reactor was operated at an ambient temperature of 27.1 ± 4.7°C for 224 days, divided into three phases ( Table 1) . In order to acclimate the sludge to this wastewater, the reactor was run with the stepwise increase in the COD influent during start-up period (phase 1). After the acclimatization period, the reactor's efficiency was evaluated in the next two phase 2 and phase 3. The hydraulic retention time (HRT) was calculated on the basis of the working volume and flow rate. The COD influent was increased in a stepwise manner; thus, the OLR increased during three phases of the experiment.
Analytical Methods
The wastewater was sampled and the pH, COD, BOD, TSS, volatile fatty acids (VFA), and TN were analyzed. pH was measured using a portable pH meter (B-712, Horiba, Kyoto, Japan). The total COD and TN were measured by the HACH method using a spectrophotometer (DR-2800, HACH, Colorado, USA). BOD and SS were measured by standard methods [13] . Samples were filtered using 0.4 µm glass fiber filter paper (Advantec GB-140, Vernon Hills, USA) prior to the determination of the VFA concentrations by a high-performance liquid chromatography (L-2000, Hitachi, Tokyo, Japan). The amount of the produced biogas was calculated on the basis of the volume changes using a wet gas meter (WS-1A, Shinagawa, Tokyo, Japan) over a period of time. The biogas composition was analyzed by a gas chromatography equipped with a thermal conductivity detector (GC-8A, Shimadzu, Kyoto, Japan). The performance of the ABR was evaluated by determination of removal efficiencies of the total COD, TSS and produced biogas, particularly methane.
Massively Parallel Sequencing of 16S rRNA Genes
Illumina high-throughput sequencing of the 16S rRNA genes was employed to analyze the microbial community in the retained sludge from the bottom of each of the ABR compartments on the 143rd day. The sludge samples were gently washed with phosphate buffered saline and stored at −20°C until DNA extraction. DNA was extracted using a Fast DNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, USA) following the manufacturer's instructions. The universal primers for bacteria and archaea, Univ515F (5′-GTG CCA GCM GCC GCG GTA A-3′) and Univ806R (5′-GGA CTA CHV GGG TWT CTA AT-3′), and the PCR solution Premix Ex Taq Hot Start (Takara Bio, Otsu, Japan) were used to amplify the 16S rRNA genes from the extracted DNA [14] . PCR fragments were purified from primers, nucleotides, polymerases, and salts using a MinElute PCR purification kit (Qiagen, Hilden, Germany) according to the manufacturer's specifications. The sequencing of16S rRNA genes was conducted using a Miseq Reagent Kit v2 and the Miseq system (Illumina, California, USA).
Microbial analysis based on the 16S rRNA sequencing data was carried out using the QIIME software package v.1.9.1 [15] . The input sequences with over 97% identity were clustered into one operational taxonomic unit (OTU), with chimeric sequences removed using ChimeraSlayer. Taxonomic classification was based on the Greengenes Database v.13_8. The closest relative genera of the unclassified sequences were identified by the nucleotide BLAST search in the NCBI database. Correlations among different communities were analyzed by principal component analysis (PCA) and visualized by STAMP software [16] .
RESULTS AND DISCUSSION
Reactor Performance
The ABR was operated in three phases in different OLRs for 224 days ( Table 1 ). Figure 2 shows the influent and effluent concentrations of total COD and TSS, as well as removal efficiencies of the ABR. The reactor was started up with an influent COD of 3,420 ± 660 mg/L, the COD removal efficiency was gradually improved and reached 92.4% on the 72nd day. However, the overall COD removal efficiency during phase 1 was low at 56.2 ± 18.5%, leading to an effluent COD concentration of 1,500 ± 620 mg/L under an OLR of 1.1 ± 0.3 kg-COD/(m 3 ·day). After phase 1, this reactor exhibited higher tolerance for the COD pollutant compared with that reported in a previous study for the treatment of concentrated rubber latex wastewater using an ABR under the same OLR. A COD removal efficiency of 92.3 ± 6.3% and a COD effluent concentration of 311 ± 218 mg/L were observed during phase 2 under an OLR of 1.4 ± 0.3 kg-COD/ (m 3 ·day). On the other hand, in the previous study, only 75.2 − 75.7% of COD is removed under an OLR of 1.16 kg-COD/ (m 3 ·day) [9] . The high removal efficiency in our study is related to the higher number of compartments, facilitating the contact between the anaerobic microbial consortium, overcoming the low pH of the influent, and utilizing more COD pollutants without adjusting the pH using NaOH or parawood ash as used in the previous study [9] . Recently, UASB and ABR are the frequently used anaerobic process for the treatment of wastewater from natural rubber processing. Some laboratory-scale UASB reactors achieved a high organic removal efficiency and methane recovery rate [5, 6] . However, the pilot-scale UASB reactor requires the pretreatment of wastewater because raw wastewater contains high concentrations of sulfate or residual natural rubber particles [7, 12] . Tanikawa et al. have used a pilot-scale UASB reactor following the rubber trap to treat the wastewater containing high sulfate from natural rubber processing and reported a total COD removal efficiency of 72.6 ± 3.9% under an OLR of 1.5 kg-COD/(m 3 ·day) [12] . In addition, total COD and BOD removal efficiencies of 55.6 ± 16.6% and 77.8 ± 10.3%, respectively, were obtained after the removal of the residual natural rubber particles from the pilot-scale UASB reactor for the treatment of natural rubber wastewater under an OLR of 1.7 ± 0.6 kg-COD/(m 3 ·day) [7] .
Residual rubber hindered the scale-up operation of UASB reactors for this wastewater treatment. Previously, baffled reactors without sludge have been used as a rubber trap for the pretreatment of rubber wastewater [5, 12] . Therefore, the number of compartments in our ABR was increased and the back compartments were inoculated with sludge for exploiting its characteristics as a rubber trap in the two first compartments, as well as the role of anaerobic treatment in the latter compartments. During phase 1, the wash-out sludge led to a high TSS concentration in the effluent; thus, a low TSS removal efficiency of 62.0 ± 22.8% was obtained. The reactor exhibited good performance for TSS removal, with an efficiency of 90.0 ± 6.0% and a TSS effluent concentration of 27 ± 12 mg/L during phase 2. Figure 3 shows the rubber particles accumulated on the surface of the 1st compartment at the end of the experiment. Particulate rubber was not removed through the experiment, then gradually accumulated into a thick scum layer, which may cover the liquid from exposure to air, leading to anaerobic condition in these compartments. The capacity of the ABR for TSS removal was greater than that of the UASB reactor. Nguyen et al. have reported the influent and effluent TSS concentrations of 279 ± 128 mg/L and 72.4 ± 58.5 mg/L, respectively, using the UASB reactor for treating wastewater [6] . On the other hand, the influent and effluent TSS concentrations of 225 ± 125 mg/L and 43 ± 25 mg/L, respectively, were obtained for the ABR in this study.
The biogas produced from ABR during phase 2 consisted of 73.7 ± 5.1% methane, 23.8 ± 5.5% carbon dioxide, and 2.5 ± 2.4% nitrogen. The methane recovery ratio based on the total COD removal was 52.4 ± 33.6% during phase 2, while the removal efficiency for total COD in the form of methane improved to 81.3 ± 14.3% using the UASB reactor treating the same type of wastewater [6] . The maximum methane gas production of 29.8 NL/day was observed on the 177th day. Different operational conditions, such as longer HRT and an uncontrolled temperature, as well as construction specifications [17] with high number of compartments and gas ports in the ABR, may lead to the low methane recovery ratio in our study. On the other hand, some parts of the total COD in the influent comprised residual rubber particles accumulated in the reactor, not degradable COD; thus, the methane recovery ratio was low.
With the increase in the OLR of up to 2.1 ± 0.1 kg-COD/ (m 3 ·day), the process performance of ABR deteriorated. During phase 3, the influent and effluent COD values were 7,890 ± 680 mg-COD/L and 1,840 ± 1,520 mg-COD/L, respectively. At the end of phase 3, the reactor reached its tolerance limit of OLR, and foam was observed on the water surface of the reactor in the 7th, 8th, and 9th compartments. The COD removal efficiency and methane recovery ratio of the ABR significantly decreased to 57% and 20%, respectively. In addition, when foam observed in the final compartments was used as a clarifier, the TSS removal efficiency decreased to 60%. These results indicated that the acceptable maximal OLR of this wastewater should be between 1.4 to 2.1 kg-COD/(m 3 ·day) for ABR operation.
On the one hand, only anaerobic treatment stage could not completely convert the high concentration of ammonia in this wastewater, and the TN removal efficiency was less than 23% (data not shown). These results indicated that although the ABR exhibits better ability for the total COD and TSS removal compared to the UASB reactor, further post-treatment is required to satisfy the industrial standards for the TN and COD. Figure 4 shows the concentration of VFA in the liquid phase from all of the compartments analyzed on the 103rd day (phase 2) and 199th day (phase 3). Acetic acid was used in the coagulation process; hence, almost 80% of the soluble COD is acetate. The concentrations of propionate, as well as acetate in particular, longitudinally decreased down the reactor. On the 103rd day, acetate, a key intermediate product in methane digestion, significantly decreased in the 3rd and 4th compartments (Fig. 4A) . Hence, methanogen was possibly dominant in these compartments and it used acetate to produce biogas. This result indicated that, in an ABR, different microorganisms are developed in different compartments, leading to phase separation.
Variation of VFA in Each Compartment
Under high OLR operation during phase 3, the acidification of wastewater occurred in the 1st to 5th compartments. The highest acetate concentration was observed in the 2nd compartment. have reported increased concentrations of acetate and propionate in the baffled reactor treating wastewater discharged from natural rubber processing because of the acidification by the accumulated sludge [5] . The removal of acetate was clearly observed clearly in the 5th and 6th compartments on this day. In the 6th and 7th compartments, the acidification of wastewater was observed again and acetate was accumulated in the 8th, 9th, and 10th compartments (Fig. 4B) . The accumulation of acetate has been reported to cause foaming [18] . Thus, the accumulation of acetate led to the low COD removal efficiency and forming in our ABR during high OLR operation.
Microbial Community Structure in the ABR
The microbial community structure in the ABR-retained sludge in each compartment on the 143rd day was analyzed by 16S rRNA gene sequencing using Illumina MiSeq. A total of 190,260 sequence reads were determined, and median sequence length of the 16S rRNA genes was 251 bp. Approximately 12,000 − 28,000 sequence reads per sample were analyzed, and 523 − 369 OTUs per sample were found at 97% identity. Figure 5 shows the predominant phyla, as well as dominant genera belonging to each phylum in the ABR-retained sludge on the 143rd day. The principle microbial groups in the ABR-retained sludge were the bacterial phyla Firmicutes, Proteobacteria, Bacteroidetes, and Chloroflexi, and archaeal phylum Euryarchaeota. These phyla have been frequently reported in mesophilic methanogenic sludge [19] . The content of these phyla in each sample was different, leading to the division into three groups as shown in Fig. 6 by PCA analysis. After the 143-day operation, there were shifts in the microbial community structure in the retained sludge in the first two compartments (labeled as 1 and 2 in group I) and that in the 3rd, 4th, and 5th compartments (labeled as 3, 4, and 5 in group II) and that in the last compartments (labeled as 6 to 10 in groups III). The sludge in group I was derived from the accumulated TSS in the influent, while the sludge in the remaining compartments was inoculated with the anaerobic seed sludge. The detection rate of the phylum Chloroflexi found in the groups II and III were 6.75 − Fig. 5 Microbial structure of the ABR-retained sludge at the phylum and genus levels.
14.20%, while that in group I was only 0.06 − 0.25%. On the other hand, although the phylum Euryarchaeota, comprising all of the known methanogens, was detected in groups II and III, the detection rates varied at a rate of greater than 10% in the 3rd, 4th, and 5th compartments (group II) and less than 6.4% in the 6th to 10th compartments (group III). The high concentration of acetate in the front compartments may promote the growth of acetate-utilizing methanogens in the seed sludge to produce methane in group II, as well as the acetate-utilizing methanogens to gain biomass, but not produce methane accumulated in group I.
Differences in the sludge inoculation, COD concentration and influent pH led to the variation in the microbial detection rate in each group. With respect to bacteria, the genera Bulleidia, Megasphaera, Dialister, unclassified Ruminococcaceae, and unclassified Veillonellaceae belonging to the phylum Firmcutes; genera Acetobacter, Kerstersia, and Arcobacter belonging to the phylum Proteobacteria; and unclassified Bacteroidales, belonging to the phylum Bacteroidetes, were more abundant in group I than in groups II and III (Fig. 6) . Bulleidia and Dialister, which play a role during hydrolysis, have been reported to be predominant in the first chamber of the ABR [20] . Megasphaera was mainly detected in group I, under an optimal pH of 4.1 − 4.5 [21] . Bacteroidetes exhibits cellulolytic, hemic-cellulolytic, and proteolytic properties, which are responsible for the initial degradation of organic substances into soluble products [22] . Arcobacter, which grows under microaerophilic conditions, is a facultative anaerobic bacterium that reduces nitrate to nitrite [23] . In addition, Tanikawa et al. have reported that ammonia was oxidized to nitrate and nitrite at the surface of an open-type anaerobic baffled lagoon [10] . Therefore, ammonia in the wastewater can be oxidized or retained in the influent and utilized by Arcobacter. The genera Kerstersia and Acetobacter, belonging to the phylum Proteobacteria were mainly found in group I. Kersteria and Acetobacter were previously found under aerobic conditions, indicating that oxygen was still present in the 1st and 2rd compartments. The dominant genera in group I seemed to be welladapted to low pH, aerobic or anoxic conditions, and abled to degrade complex compounds, while those in groups II and III were likely to adapt to anaerobic conditions and participate in the treatment process as acetogen, hence partner with methanogens. The genera Terrisporobacter, Turicibacter, and Clostridium belonging to the phylum Firmcutes, known as acetogens, were predominant in the 3rd and 4th compartments. Several species of Clostridium can grow at a pH of 5.0, and syntrophic bacteria oxidize acetate to H 2 and CO 2 [24] . Besides, considerable concentrations of VFA-oxidizing bacteria, for example, Syntrophomonas and Syntrophus were detected in the 3rd, 4th, and 5th compartments (group II). Strictly anaerobic bacteria, such as the genera Romboutsia and Longilinea, were also detected in groups II and III.
In archaea, the detection rate of the genus Methanosphaera was 2.56 − 3.31% in group I, while that in the other groups was only 0.19 − 0.31%. Besides the high concentration of acetate in the influent, the presence of acetate-oxidizing Acetobacter and Clostridium producing carbon dioxide served as carbon sources for this genus to gain biomass but not produce methane [25] . The 3rd to 10th compartments were inoculated with seed sludge, leading to a large percentage of the archaeal detection rate, as well as more various archaeal genera. Acetate-utilizing Methanosaeta was the most predominant methanogen in the 3rd, 4th, and 5th compartments with abundance of 9.8%, 16.4% and 6.8%, respectively. Narihiro et al. have reported that Methanosaeta, with good removal efficiencies for acetate and propionate, has been frequently detected in the reactor [19] . According to water quality profile, acetate from the coagulation process was significantly removed between the 3rd and 4th compartments (Fig. 4A) . The proliferation of Methanosaeta in group II showed correlation between the microbiomes and the degradable COD in terms of the VFA variation and gas production. Although, among acetoclastic methanogens Methanosarcina typically predominates over Methanosaeta at high acetate concentrations because of their considerably higher maximum specific utilization rate [26] , Methanosaeta predominated over Methanosarcina in the sludge of the anaerobic reactors treating rubber wastewater [5] [6] [7] 10] . The result from the relative rates between these two methanogens in this study is in good agreement with those reported previously. Methanosaeta was predominant, while the detection rates of Methanosarcina were low (0.08 − 0.46%). In addition, as a result of the acetogenesis by the acetogenic bacteria mentioned above, hydrogen is released, thus creating a favorable condition for hydrotrophic methanogens, including genera Methanobacterium and Methanomassiliicoccus. These genera were detected at the total rate of 0.78 − 2.21% in the 3rd to 10th compartments (data not shown).
CONCLUSIONS
In this study, ABR treating natural rubber processing wastewater operated best under OLR of approximately 1.4 kg-COD/(m 3 ·day) with COD removal efficiency and TSS removal efficiency of 92.3 ± 6.3% and 90.0 ± 6.0%, respectively. In addition, methane recovery ratio of 52.4 ± 33.6% was achieved. VFA analysis indicated that the middle compartments (3rd to 5th) play the main role in organic digestion, while the first two and last compartments serve as rubber trap and clarifier, respectively. However, a further posttreatment system is required to satisfy industrial standards. The inoculation of the seed sludge and the low pH of influent led to the shifts in the content of the dominant phylum in three groups, corresponding to the VFA reduction and gas production. Several types of acetogens growing under low pH and ammonia-utilizing bacteria were detected in group I. Group II contained the highest amount of methanogens, particularly Methanosaeta, and VFA-oxidizing bacteria, which degraded almost the soluble COD, and then converted it into methane. These results demonstrated the immense potential of the ABR for the treatment of wastewater discharged from natural rubber processing.
